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I. PROJEC-' GOALS

An understanding of the mechanisms of the erosion of metal surfaces

in hot flowing media is important in assessing methods of lessening the effects

of wear and erosion upon the performanre of large caliber gun tubes. The

overall mechanisms of erosion are extremely complex including hydrodynamic

flow, chemical reactions, and direct erosion by macroscopic particles.

Recent experimental studies1 indicate that chemical processes may be

important in these mechanisms. In this report we present the results of

theoretical studies of the microscopic mechanism of chemical erosion which

areaimed at assessing the importance of such processes under the physical

conditions found in gun tubes.

We consider two broad possibilities of chemical erosion: (1) chemical

heating of the surface causing local melting and subsequent removal of the

material by the flowing gas stream, and (2) direct chemical erosion in which

gaseous species attack surface atoms forming volatile chemical species

leading to removal of the surface atoms. By chemical heating of the surface

we mean heat input into the surface from chemical processes occurring near

the surface. We therefore exclude simple convective heating from our

consideration although it is undoubtably important in the erosion process.

At least two distinct mechanisms of chemical heating can be

discerned: (1) heating from chemisorption and (2) heating from recombinaticn

reactions. In the process of forning bonds between gaseous species and

the surface, energy can be released into the surface. For example, when 02
22

chemisorbs on steel it releases 4.7 x 103 kJ/kg-metal. When two reactive

species such as free radials recombine to form a single molecule heat can

be released into the surface. 3
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Direct chemical reaction of gaseous species with the surface to

form a gas-phase species containing a metal atom is similar to the processI

of chemisorption heating and the subsequent wipe-off of the metal atom by

the flowing gas. In both-cases the energy liberated from the formation

of a gas-metal bond is used to severe the bending between the metal atom

and the remainder of the surface. The major difference is that in

direct chemical erosion the metal atom leaves the surface in a boundI
complex with the gas atom. In direct chemical erosion a surface atom

is removed in a single collision event, whereas, in the heat and wipe-off

mechanism many collisions can heat the surface leading to the removal of

surface atoms.

In summary, the goals of this project were the investigation of

chemical mechanisms of hot gas erosion of metal surfaces using theoretical

techniques. In particular, the processes of interest are: (1) chemical heatinq

of metal surfaces and (2) direct chemical erosion of metal surfaces. These

studies were carried out for a variety of surface structures including

perfect crystal surfaces and also surfaces with defects such as steps,

kinks, and adatoms. We investigated the importance of the surface defects

in the processes mentioned above.

K Ii
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II. PROJECT ACCOMPLISHMENTS

A. Summary.

A systematic technique for obtaining physical reasonable models of

gas-surface interaction potentials was employed. A general computer model

has been developed to provide realistic, interaction potentials for chemical

reactions of gas species on a variety of surface structures.

In order to better understand the model interaction potentials a

computer program was developed to help probe and characterize the potential

energy hypersurfaces. This enabled critical configurations such as equilibrium

geometries and saddle points to be located; the program also provided

minimum energy pathways for reactions occurring on the metal surfaces.

Classical trajectory studies were carried out for models of direct

chemical reaction of gas phase species with surfaces and for atomic recombina-
tion reactions occurring on the surfaces. The atomic recombination studies

dealt with hydrogen and nitrogen atom recombination on Fe and Ta surfaces.

These studies showed that the heat inputed into the surface from the atomic

recombination reaction can be a significant fraction of the total energy of

the heat release of the process.

B. Details.

In this work we studied interactions of atomic and diatomic gas

species with surfaces. Of particular interest was the transfer of heat from

reacting gas species into the surface. Therefore, the model had to allow For

motion of the surface atoms as well as the gas-phase species. Such a model

7 L
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was developed and has been previously described. 4 ' 5 This model is semiempirical I
and the parameters of the model were chosen to best reproduce experimental

data when it was available. An important feature of -,ýs model is its ability

to model surfaces with steps, kinks, adatoms, etc. her details of the

surface fitting for particlar systems are presented in the technical section.

Direct chemical erosion of metal surfaces can occur if sufficient

energy from chemisorption of the gaseous species is transferred into breaking "A

the bond between a metal atom and the rest of the surface. Surface atoms at

step-sites, kink-sites, or surface adatoms are bound more weakly to the

surface than surface atoms with their full compliment of nearest neighbors.

Therefore, one might expect that direct chemical erosion of surface atoms at

step- or kink-sites may be more favorable than for surface atoms at perfect

crystal sites. However, we have run several thousand trajectories on surfaces

with various defects - i.e., step, kink, etc. - and have found no evidence '

of direct chemical erosion.

Studies of recombination heating of the solid by a Langmuir-

6Hirishelwood mechanism have been previously reported. We report here work

in which we have studied in detail recombination occurring by a Rideal

mechanism. We have also examined the effects of steps and kinks upon the

heating of the surface. A surprising outcome of this study was the relative

insensitivity of the heating of the surface upon parameters such as tempera-

ture of the solid and incident translational energy of the impringing atom.

L ._ I -_-
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III. TECHNICAL DISCUSSION

A. Modeling of the Potent 4 al Energy Surface.

The model potential used for the interaction of diatomic gas

species with solid surfaces is described in Appendix A. The potential VLEPS

is based upon the semiempirical London-Eyring-Polanyi-Sato (LEPS) description

of gas-solid bonding! The functional form is given in Equations 5-9 of

Appendix A. The parameter-s which must be specified are the dissociation

energy DpQ, the Morse range parameters up,, the equilibrium geometry RpQ

and the Sato parameter ApQ for the two body interactions between atoms P and

Q. P (and Q) can be A or B, one of the gas atoms, or one of the surface atoms.

This model is capable of describing the interaction of a diatomic mclecule

with a surface of moving atoms - the instananeous locations of the surface

atoms are used in evaluating the potential exprts,'ion - however, the total

potential energy is the sum of VLEPS and the potential energy VLAT obtained

from displacements of the lattice from its equilibrium geometry. The lattice

potential was described by a modified Einstein model in which the potential

was given in terms of displacements of the atoms from their individual

equilibrium positions in a rigid lattice. Because we were interested in

describing situations in which large amou;,ts of energy can be transferred

to the surface we used an anharmonic potential, the Morse potential,

rather than the usual harmonic Einstein model. 8  In the following we

describe how the parameters of this model were determined. In all

cases the parameters were calculated so that the mcdels reproduced .

experfiental data when it was available.

.3)
i ~i]
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Consider first the parameters for the lattice potential

VAT DLAT [1-e LATd]2LA -A DLAT(1

where d is the displacement from the equilibrium lattice site location.

Girifalco and Weizer 9 used the sum of two-body Morse potential between all

surface atoms to describe metal bonding. Using the results of their work

we obtained the parameters of the modified Einstein oscillators. From

Girifalco and Weizert work the total potential D felt by one "test atom"

in the lattice was obtained by summing over the two-body interactions between

the "test atom" and all other atoms in the lattice. The lattice was assumed

to be semi-infinite, that is the sums were over lattice positions with x and y

ranging from -- to - and z from 0 to - . In practice the sums were done

over a sufficient number of lattice sites to insure convergence. The "test

atom" was taken to be in the top layer of the lattice; all other atoms in

the lower layers were fixed at their equilibrium lattice sites. The

lattice constant (a)was taken from Girifalco and Weizer 9 when available or

from Pea-son10 and we considered only 100 faces of the lattices. The locations

of the atoms in the top layer were relaxed from their lattice sites so that

the forces on the test atom vanished. A more physical model would also

include relaxation of the lower laye-s, however, since this effect was small

for the top layer and decreased for the lattice layers below the surfaces we

neglected it for all but the top layer. This determined the equilibrium

geometry and therefore the value of the potential at this location was the

negative of the energy necessary to remove the atom from the surface.
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(This assumes the zero of energy for all the two-body potentials was at

infinite separation of the atoms.) This defined DLAT and the range parameters

&LAT was obtained from

eaadLAT = 2 (2)

LAT 3z

evaluated at the equilibrium geometry. The z direction was taken to be

perpendicular to the surface, therefore,(, Was the range parameter for motion
LAT

normal to the surface. In general, the range parameters for motion in

the surface plane will be different than for out of the plane, but we did

not take this into account in our model.

Using the sum of pair potentials we assessed the effect of surface

defects (steps, kinks, etc.) upon the bonding of the metal atoms to the

surface. As surface atoms were removed, the "test atom" became less

tightly bound decreasing DLAT, and also the equilibrium geometry and

range parameters for the test atom changed. We considered five types of

surfaces: (1) a regular crystal surface (no defect), (2) a

simple step in which all the top layer atoms in the left half of the x-y

plane had been removed, (3) a kink in which all the top layer atoms in I
all but the upper right quadrant of the x-y plane had been removed, I
(4) an adatom next to a simple step, and (5) a lone adatom (removal of

all the top surface atoms except for the "test atom.")

In Table I the atom-atom Morse parameters from GirifalcoI

and Weizer's work along with the lattice parameters for Fe, Ta, and Cr

surfaces are listed. In Tables II-IV we present our calculated equilibrium
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geometries and lattice potential parameters for these five surface defects

on Fe, Ta, and Cr surfaces. As the number of nearest neighbors decreas.d

the bonding of the "test atom" also decreased. The sublimatio energy

at zero temperature and pressure is a weighted average of the dissociation

energies for the difference surface sites of the lattice, therefore we

expected our values of DLAT for the difference surface defects to bracket the

experimental sublimation energy. For Fe and Cr the sublimation energies

are 97 and 90 kcal/mol, respectivelyl and for Ta it is estimated from

the experimental values of Mo and W to be between 160 and 200 kcal/mol.

We next consider the manner in which the parameters of the gas-

surface interaction potential VLEPS were determined. In the limit that

the gas-phase atom A and B are well above the surface,VLEPS reduces to a

Morse function with dissociation energy DAB' range parameter a AB' and

equilibrium geometry RAB. These values were fit from experimental values

for H2 and N 212 and for FeH we used a theoretical estimate. 13 ' 14

Values of these parameters are listed in Table V.

In the limit that one of the gas-phase atoms A is far removed

from the surface and the other B is on the surface, the potential equals

the adsorption energy of atom B on the surface. This was obtained by

summing the pair potential between the adsorbing atom and all of the

surface atom. The pair potential is a Morse function with dissociation

energy DBS, range parameters CBS' and equilibrium geometry RBS, where S

denotes a surface atom. Olander 5 has treated the adsorption of hydrogen atoms

on Fe and Ta surfaces of infinite lattices without surface defects.

StI
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The gas-surface Morse parameters for H on Cr and for N on all three metal

surfaces have been estimated. 16The atom-atom Morse parameters for these

systems are presented in Table V1. The location of the adsorbing atomI

was optimized such that the forces on it vanish. The potential at this

location was the negative of the adsorption energy, and we also calculated

the frequency of the motion of the adsorbed atom normal to the surface.

These values are listed in Tables VII-XII for H on N adsorbing on three of

the surface types (no defect, step, and kink) for Fe, Ta, and Cr.

In our dynamical calculations it was impractical to use semi-

infinite surfaces, therefore, it was necessary to consider small clusitors

of metal atoms, 30-46 atoms. In the sum of pairs model, if the number

of surface atoms was decreased the bonding of the adsorbed atom also

decreased. Therefore, we found it necessary to reoptimize the atom-atom

interaction parameters so that the adsorption energy and vibrational

frequency of the adsorbed atom would be the same as on the semi-infinite

surfaces. This was done by finding the values of D, a . and Rs that

would simultaneously give the correct equilibrium height above the surface,

adsorption energy, and vibrational frequency for the adsorbing atom. These

parameters depend upon the size of the cl.uster. We found that different

cluster sizes were needed to properly describe the different dynamical

events - direct chemical reaction and recombination heating -and we

describe both below.

First consider the direct chemical reaction of a gas atom A -
with a surface atom to form a gas-phase species in which A is bonded to

t the metal atom. We treated the metal atom that was attacked as the

* - -- -: ~ . ..- .~ -- U1
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species B adsorbed to the surface. The parameters for the two-body

potential between B and the other surface atoms was just those given

by Girifalco and Weizer9 for the case of an semi-infinite lattice.

In our dynamical calculations we used a cluscer of 45 metal atoms plus

the atom B to represent the surfaces with no defects. For a surface with

no defects, twenty atoms were used in the top layer (a 5 x 5 grid with

atoms removed from the corner and the central atom replaced by atom B),

12 in the second layer (a 4 x 4 grid with atoms removed from the corners),

9 in the third layer (a 3 x 3 grid), and 4 is the fourth layer (a 2 x 2 grid).

The reoptimized atom-atom Morse parameter for this finite lattice are

presented in Table XIII for the five surface defects described above.

These parameters should be compared with those in Table I for an estimate

of the effect of finite cluster size upon the Morse parameters.

In modeling the direct chemical erosion process we used the Morse

12 . parameters for FeH listed in Table V and for H on the Fe surface v:e used

the parameters given in TableXIV. The specification uT the interaction

otential VEPS completed by selecting the Sato parameters. The Sato

parameters were varied to obtain tie best qualitatively cor,'ect description of the

adsorption of H on the Fe surface. We found that for all A's equal to

zero the adsorption energy on defect free Fe was 50 kcal/mol with an

equilibrium height of H above the surface of 3.6 ao. These numbers compare

well with the values in Table VII.

For describing recombination heating we used a cluster size of

30 atoms for the lattice with no surface defect. This cluster had 16

atoms in the top layer (a 4 x 4 grid), 9 atoms in the second layer

.. ... . .
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(a 3 x 3 grid), 4 atoms in the third layer (a 2 x 2 grid) and finally a

single atom in the fourth layer. The reoptimized atom-atom Morse parameters

for H and N adsorbtion on Fe, Ta, and Cr are summarized in Tables XIV-XIX

for three types of surfaces - no defect, step, and kink. These should

be compared with those in Table VI to see the effect of finite cluster

size upon the potpntial parameters describing adsorbtion.

The Morse parameters used in VLEPS can be found in Tables V

and XIV-XIX. The specification of the interaction potential is completed

by selecting values for the Sato parameters. Because we had no guide for

their selection we used the values zero as in previous applications. 5 We

performed a detailed study of the interaction potential used for the

Rideal recombination of H2 on Fe. The adsorbed H was placed at a 4-fold

equilibrium site 3.13 a above the top layer. The second H atom was

brought down directly over the adsorbed H and the adsorbed H was allowed

to relax to its equilibrium position and a local minimum in the potential

was found when the second H was 4.76 a. above the surface and the

adsorbed H was 2.45 a above the surface. This local minimum was higher

in energy by only 0.4 kcal/mol than desorbed H2 far removed from the

surface. However, there is a 6.3 kcal/mol barrier to this desorption

process. The barrier to this process had its maximum when the desorbing

atoms were 6.63 and 5.14 kcal/mol above the surface.

B. Classical Trajectory Methods.

•i: All of the trajectory calculations performed here were for

the general event in which a single atom collided with an adsorbed atom

and the desired outcome was a reactive event in which the adsorbed atom

and Incident gas atom form a new bond and leave the surface. A
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sufficiently large cluster of metal atoms was used to give a physically

correct description of the interaction potential. Only a small number,

gene,,-ally 4-8, of the surface atoms were allowed to move. The others

were fixed at their lattice site locations. A unique trajectory was

specified by selection of the 4nitlal position and momentum vectors

of the moving surface atoms, the adsorbed atom, and the incident atom.

It was assumed that the strfac,ý and adsorbed atom are at thermal equilibrium

characterized by a temperature T. The momenta for these atoms were
17

selected from a Boltzmiann distribution by importance sampling. The

positions of these atoms were also selected from a Boltzmann distribution

but using MeŽtropolis sampling. 18  The incident atom was started at an

arbitrary and large distance above the surface, generally 10 a 0. The

incident angle was specified and the x,y coordinates were chosen so that

an undeflected straight line trajectory would hit the surface at x0, Y0.

The coordinates x ot y0 were chosen randomly on a square of length equal to

the lattice parameter . The momentum vector was chosen along the incident

angle with magnitude equal to the specified initial translation energy

of the atom plus any potential attraction it may feel from the surface.

This potential term was evaluated by subtracting the value of the total

potential with the incident atom at its initial location from the total

potential with the incident atom moved infinitely far from the surface.

Direct chemical erosion was modeled only for H incident upon Fe

surfaces. In the gas-phase Fe-H is bound by about 60 kcal/mol and Fe

the Fe atom is in a smooth face of the lattice or at a surface defect site.
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Therifore the process of H pulling a Fe atom off the surface is uphill

in energy by 14-68 kcal/mol. The most energetically favorable situation

is for an H atom to attack an adatom on the surface. Even in this

situation the H atom must have about 14 kcal/mol (0.6 eV) of translational

energy to surmount the barrier to form FeH(g). At these relatively high

translational energies the light hydrogen atom is moving very rapidly

making the prospects of it interacting strongly with a heavy Fe atom very

low. From this kinematic argument it is not surprising that no evidence

was seen for direct chemical erosion with hydrogen. To further study

this problem we extended our model calculations to include collision of

heavier incident atoms with more favorable mass ratios with the Fe.

The potential was still modeled using the hydrogen parameters, and only

the mass of the incident atom was changed so that we could assess whether

the nonreactivity of the Fe surface was due to this kinematic effect

or a more subtle effect from a combination of the potential surface

and structure of the surface. When we increased the mass of the incident

atom we still saw no evidence of direct chemical erosion and tierefore

we believe that this mechanism will contribute negligibly to the hot-gas

erosion of Fe surfaces. Tantalum atoms are even more strongly bound

to the surface than are Fe atoms and direct chemical reaction with Ta

atoms in the surface is energetically less favorable than with Fe surfaces.

The surface structure, sublimation energy, and adsorption of hydrogen

is very similar for Fe and Cr, and, therefore, the same general conclusion

will hold for this surface also.

Ii.,
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We have performed detailed studies of recombination heating

by a Rideal mechanism for a subset of the gas-surface interactions we

have modeled. Hydrogen-atom recombination has been studied on defect

free a Fe surface. Nitrogen-atom recombination on Fe surfaces has

been studied for surfaces with no defects and surfaces with steps and

kinks for the two different sets of N-Fe Morse parameters. Nitrogen-atom

recombination on Ta surfaces has been studied for surfaces with no

defects and with steps. The atom recombination reactions of all of the

systems are exoergetic, that is they release energy; the net exoergicity

is the difference between the energy of the new gas-phase diatomic bond

that is formed and the adsorption energy of the atom. The values of the

exoergicities for the various systems are given in Table XX. We were

interested in how much of the exoergicity can be deposited into the surface.

Because the nitrogen molecule forms a much stronger bond than the hydrogen

molecule, N-atom recombination is a better choice for studying the surface

heating. In fact, for hydrogen recombination on Ta surfaces the exoergicity

is only 6-10 kcal/mol depending upon the surface structure (i.e., step

or kinks, etc.). This is the reason that most of our detailed studies

are on N-atom recombination.

Although the recombination process is energetically favorable

for all of these systems, for some of the systems there is a more stable

intermediate complex - the adsorption of two atoms at different equilibrium

sites on the surfaces. This energy will be close to the sum of adsorption

for the two atom independent but slightly different because of their

interaction which is normally repulsive in our models. In all our
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models the diatomic dissociated upon adsorption. We found that for H2

on Fe and N2 on Fe using Morse parameter set (2), that two adsorbed

atoms were the most favorable geometry. For these systems the reaction

probabilities are small on a short time scale, however, given a

sufficiently long time the probability increases that the two atoms

will recombine and leave the surface. However, this then becomes a

Langmiur-Hinshelwood type mechanism which we exclude from our considera-

tion here. Work on this mechanism has been treated earlier. 6

A summary of our trajectory results are presented in Tables

XXI and XXII. As noted above the two systems H2 on Fe and N2 on Fe with

Morse parameter set 2 show small probabilities for a direct recombination

reaction, the primary event to occur is adsorption of the incident atom.

The estimate of energy transfer for these systems is crude because of

the small number of reactive events, nonetheless, the estimates are that

between 10% and 50% of the exoergicity is deposited into the surface.

For the other systems the statistics are much better. For N2 on Fe

using the Morse parameter set 1 and for normal incidence upon the surface,

the fraction of exoergicity deposited into the sUrface is about 24-33%,

independent of the incident energy, surface temperature, or surface

structure. For N2 on Ta using Morse parameter set 1 the fraction of

exoergicity deposited into the surface in the range 5-11% and again it

is independent of incident energy, surface temperature, or surface

structure. The trajectory results for gas atoms impringing on the 4

surface at an angle, see Table XXII, show a slight enhancement of the

fraction of energy transferred to the surface by the results are similar

to those from the calculation with normal incidence.

Il
-----------------
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The major conclusion to be drawn from these studies are that

(1) atom-recombination heating of the surface can be quite important--up

to 40% of the bond energy of N2 was found to be transferred to the Fe

surface and (2) energy transfer to the surface is more facile for Fe

than for Ta surfaces. For systems in which the probability of the Rideal

mechanism is low recombination can still occur by a Langmiun-Hinshelwood

mechanism. For this type of system we expect heating of the surface to

be less important since a great deal of the new bond energy is used up

in desorption from the surface. Ta is a heavier atom and is more cohesive

in a lattice than Fe. 'The heavy mass and tight bonding of Ta tend to

make it 'less perturbed by the light gas atom and thus it adsorbs less energy.

A surprising outcome is that the surface defects had little effect upon either

the reaction probability PR or the energy transfer. However, this can be

viewed as an encouraging results since the simplier models of perfect

crystal surfaces with no defects give the right qualitative behavior.

I.I
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TABLE I. ATOM-ATOM MORSE PARAMETERS AND LATTICE
PARAMETERS FOR THREE METAL SURFACES

a b I ra adMetal DM(kcal/mol) ab(a ) r(a a(a 0)

Fe 9.63 0.735 5.38 5.42

Tae 21.50 0.731 5.97 6.25

Cr 10.18 0.832 5.20 5.44

a Morse dissociation energy.
b Morse range parameter.

c Morse equilibrium geometry.

d Lattice parameter.
e These values were estimated from the results for

Mo and W of Reference 9 (see Reference 15).

TABLE II. LATTICE POTENTIAL PARAMETERS FOR FIVE
SURFACES OF Fe

Equilibrium Geometrya Lattice Potential Paramatersb

Defectc x(ao) y(ao) z(ao) D )
000 LATka/m) aLAT~a

none 0.0 0.0 0.474 127.9 0.368

step 0.128 0.0 0.482 111.0 0.390
kink 0.128 0.022 0.482 101.1 0.408
adatom-step 0.128 O.C 0.482 91.1 0.429

adatom 0.0 0i.0 0.474 73.8 0.473

a The equilibrium geometry is given as the displacement from theunrelaxed lattice site. The z-axis is normal to the surface.
b See Equation (1).

c The defects are discussed in Section III.A. I
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TABLE III. LATTICE POTENTIAL PARAMETERS FOR FIVE
SURFACES OF Ta.

Equilibrium Geometrya Lattice Potential Parametersb

DefectC x(aO) y(ao) z(ao) DLAT(kcal/mol) aLAT(ao )
0 0 0 A

none 0.0 0.0 0.412 245.7 0.364

step 0.174 0.0 0.427 214.9 0.383
kink 0.132 0.132 0.430 188.6 0.401

adatom-kink 0.174 0.0 0.428 172.6 0.423

adatom 0.0 0.0 0.412 140.1 0.464

a The equilibrium geometry is given as the displacement from the

unrelaxed lat ice site. The z-axis is normal to the surface.
b See Equation ,I).

c The defects are discussed in Section III.A.

TABLE IV. LATTICE POTENTIAL PARAMETER FOR FIVE
SURFACFES OF Cr

I.'

Equilibrium Geometrya Lattice Potential Parametersb'

Defectc x(ao) y(ao) z(a D (kca/mol) LAT (ao)0 0 0 DLAT kca/mol

none 3.0 0.0 0.353 117.3 0.414 -. A
step 0.152 0.0 0.366 102.6 0.436

kink 0.115 0.115 0.368 90.1 0.461

adatom-kink 0.152 0.0 0.366 82.5 0.481

adatom 0.0 0.0 0.353 67.0 0.527

a The equilibrium geometry is given as the displacement from the

unrelaxed lattice site. The z-axis is normal to the surface.
b See Equation (1).

c The defects are discussed in Section III.A.

* U
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TABLE V. ATOM-ATOM MORSE PARAMETERS FOR
GAS PHASE DIATOMICS

Morse Parameters

AB D AB (kcal/mol ) aAB(a° 0RAS .0

Ha 109.0 1. 044 1.401•o

Na 228.4 1.42 2.07

Fell 60.1 0 .74 2.82 :

aReference 12.

b '
Estimated from References 13 and 14.

TABLE VI. ATOM-ATOM MORSE PARAMETERS FOR GAS-ATOM a

INTERACTIONS WITH SEMI-INFINITE SURFACES:

Morse Morse Parameters
Parameter

Metal Gas Atom B Set D BS(kcal/mol) "BS (ao - R BS (a)

Feb H 4.60 0. 488 6.07

Fec N (I) 6.30 0.550 6.75i

(2) 7.55 0.470 6.40
Tab H 17.0 0.841 4.69l
Tac N (I) 17.0 0.841 4.69

(2) 15.58 0.580 6.25

Crc H (1) 5.20 0.495 6.05

(2) 6.72 0.564 6.41 !
Crc N (I) 7.40 0.545 6.85 i

(2) 7.76 0.462 6.56 i

aFor those cases with two entries the values presented cover a range

of the estimates for the parameters. ~
bReference 15.

IL . ;:'••" i:!:'' i -•.,:•: ic Estimated..... = .

....4_77 = 1,•
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TABLE VII. HYDROGEN ADSORPTION ON SEMI-INFINITE
SURFACES OF Fe,

Vibrational
ba Frequency

Equilibrium Geometry Adsorption Energy Normal to •urface

Defect x(a ) y(a ) z(a (kcal/mol) (cm-)
0 0 0

none 2.71 2.71 3.60 66.7 690
step 3.11 2.71 3.78 61.0 694
kink 3.05 3.05 3.87 56.4 688

a The origin was located at a lattice site in the top layer of an unrelaxed

lattice. The calculations were performed with the top layer of the surface
in its relaxed geometry.

b The defects are discussed in Section III.A.

TABLE VIII. HYDROGEN ADSORPTION ON SEMI-INFINITE
SURFACES OF Ta.

Vibrational
ra Frequency

b _Equilibrium Geometry Adsorption Energy Normal to Surface:

Defectb x(ao) y(ao) z(a) (kcal/mol) (cm-l)0 00

none 3.12 3.12 1.39 103.7 1219
step 3.23 3.12 1.45 101.5 1128
kink 3.20 3.20 1.50 99.8 1075

a The origin was located at a lattice site in the top layer of an unrelaxed

lattice. The calculations wereperformed with the top layer of the surface
in its relaxed geometry.

b The defects are discussed in Section III.A.
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TABLE IX. HYDROGEN ADSORPTION ON SEMI-INFINITE SURFACES OF Cr

Vibrational
Morse Adsorption Frequency

Parameter Equilibrium Geometrya Energy Normal to Surface
Defect Setc x(ao) y(ao) z(ao) (kcal/mol) (cm-i)

none (1) 2.72 2.72 3.50 74.0 746

(2) 2.72 2.72 4.50 75.0 996

step (1) 3.00 2.72 3.59 68.4 736

(2) 3.03 2.72 4.58 69.5 978

defect (1) 2.99 2.99 3.67 63.5 728

(2) 3.02 3.02 4.65 64.8 961

iI

a The origin as located at a lattice site in the top layer of an unrelaxed

lattice. The calculations were performed with the top layer of the surface

in its relaxed geometry.
b The defects are discussed in Section III.A.

c The parameter set used in these calculations were those given in Table VI.

-7I
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TABLE X. NITROGEN ADSORPTION ON SEMI-INFINITE
SURFACES OF Fe

Vibrational
Morse Adsorpti on Frequency

Parameter Equilibrium Geometrya Energy Normal to ýurface
Defectb Setc x(ao) y(ao) z(ao) (kcal/mol7 ) (cm-)

none (1) 2.71 2.71 5.03 79.7 279

(2) 2.71 2.71 3.97 119.7 254
step (1) 3.14 2.71 5.10 73.6 273

(2) 3.11 2.71 4.07 109.9 251
kink (1) 3.12 3.12 5.17 68.1 257

(2) 3.09 3.09 4.16 101.4 248

a. .

a The origin was located at a lattice site in the top layer of an unrelaxed

lattice. The calculationswere performed with the top layer of the surface
in its relaxed geometry.

b The defects are discussed in Section III.A.

C The par deter set used in these calculations were those given in Table VI.

Li
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TABLE XI. NITROGEN ADSORPTION ON SEMI-INFINITE SURFACES OF Ta.

Vibrational
Morse Adsorption Frequency

b Parameter Equilibrium Geometrya Energy Normal to SurfaceDefectb Setc x(ao) y~ao) -z(ao) (kcal"imol (cm-1)

none (1) 3.12 3.12 1.10 140.1 275

(2) 3.12 3.12 1.39 103.7 327
step (1) 3.28 3.12 1.14 134.1 257

(2) 3.23 3.12 1.45 101.5 303
kink (1) 3.25 3.25 1.18 129.0 244

(2) 3.20 3.20 1.50 99.8 289

a The origin waslocated at a lattice site in the top layer of an unrelaxed

lattice. The calculations wereperformed with the top layer of the surface

in its relaxed geometry.

The defects are discussed in Section III.A.
c The parameter set used in these calculations were those given in Table VI.

Wl ,::.
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TABLE XII. NITROGEN ADSORPTION ON SEMI-INFINITE SURFACE OF Cr

Vibrational
Morse Adsorption Frequency

b Parameter E uilibrium Geometr y Normal to Surface
Defect Setc x(ao) y(ao) Z(ao) (kcal/mol ) (cF -

none (1) 2.72 2.72 4.98 89.9 295

(2) 2.72 2.72 4.00 129.9 266

step (1) 3.17 2.72 5.08 82.8 289

(2) 3.17 2.72 4.11 119.0 262
kink (1) 3.15 3.15 5.15 76.6 283

(2) 3.14 3.14 4.20 109.7 259

a The origin was located at a lattice site in the top layer of an unrelaxed

lattice. The calculations wereperformed with the top layer of the surface
in its relaxed geometry.
Tb Yhe defects are discussed in Section III.A.

c The paramete, set used in these calculations were those given in Table VI.

0
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TABLE XIII. Fe-Fe MORSE POTENTIAL PARAMETERS FOR
A FINITE CLUSTER OF Fe ATOMS

Atom in

Defecta Cluster DBs(kcal/mol) •BS(ao ) RBS(ao)

none 46 10.00 0.736 5.34

step 38 10.03 0.735 5.34

kink 33 10.06 0.735 5.34

adator-step 34 10.09 0.734 5.34

adatom 26 10.14 0.731 5.35

a Defects are discussed in Section III.A.

t*

0 .

'4, ,



28

TABLE XIV. ATOM-ATOM MORSE PARAMETERS FOR HYDROGEN ADSORPTION
ON FINITE Fe CLUSTERSa

Morse Parameters
b Atoms in 1Defects Cluster D8s(kcal/mol) aBS(aol) R (ao)

none 30 5.75 0.478 5.86

step 26 5.74 0.481 5.91

kink 23 5.77 0.482 5.91

a The Morse parameters werecalculated so that the adsorption ji

energies and vibrational frequencies in Table V.II were

reproduced for a finite cluster. i

b The defects are discussed in Section III.A.

TABLE XV. ATOM-ATOM MORSE PARAMETERS FOR HYDROGEN ADSORPTION
ON FINITE Ta CLUSTERSa

b Atoms in Morse Parameters

Defectb Cluster DBs(kcal/mol) aBS(aol) RBS (a0)

none 30 17.14 0.841 4.68

step 26 17.12 0.841 4.68

kink 23 17.11 0.840 A.68

a The Morse parameters were calculated so that the adsorption

energies and vibrational frequencies in Table VIII were
reproduced for a finite cluster.

b The defects are discussed in Section III.A.

IT
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TABLE XVI. ATOM-ATOM MORSE PARAMETER FOR HYDROGEN ADSORPTION
ON FINITE Cr CLUSTERSa

Morse Morse Parameter
Atom in Parameter

Defectsb Cluster SetC DBs(kcal/mol) aB(a ) RBs (a)
OBS 0 0BI

none 30 (1) 6.44 0.486 5.86

(2) 7.70 0.559 6.31

step 26 (1) 6.47 0.484 5.82

(2) 7.71 0.557 6.28

kink 23 (1) 6.49 0.483 5.79

(2) 7.73 0.555 6.2

The Morse parameters werecalculated so that the adsorption

energies and vibrational frequencies in Table XI were

reproduced for a finite cluster.
b The defects are discussed in Section III.A.

c The parameters sets correspond to those used in Table VI.

_0
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TABLE XVII. ATOM-ATOM MORSE PARAMETERS FOR NITROGEN ADSORPTION
ON FINITE Fe CLUSTERSa

Morse
Atom in Parameter Morse Parameter

Defects Cluster SetC DBs(kcal/mol) aBS(aol) R Bs(a)

none 30 (1) 7.92 0.545 6.64

(2) 9.79 0.461 6.16

step 26 (1) 7.96 0.544 6.60.

(2) 9.87 0.460 6.12

kink 23 (1) 7.98 0.544 6.60

(2) 9.93 0.460 6.11

a The Morse parameters were calculated so that the adsorption

energies and vibrational frequencies in Table X were

reproduced for a finite cluster.
b The defects are discussed in Section III.A.

c The parameters sets correspond to those used in Table VI.

I " A
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TABLE XVIII. ATOM-ATOM MORSE PARAMETERS FOR NITROGEN ADSORPTION
ON FINITE Ta CLUSTERSa

Morse
Atom in Parameter Morse Parameter

Defectsb Cluster s2tc DBs(kcal/mol) aB(ao-1) R BS(a
DBS~calBSl a( 0 ) BS )

none 30 (1) 16.76 0.579 4.89

(2) 17.14 0.841 4.68

step 26 (1) 16.66 0.577 4.89

(2) 17.12 0.841 4.68

kink 23 (1) 16.59 0.576 4.90

(2) 17.11 0.840 4.68

6a

a The Morse parameterswerecalculated so that the adsorption

energies and vibrational frequencies in Table XI were

reproduced for a finite cluster.
b The defects are discussed in Section III.A.

c The parameters sets correspond to those used in Table VI. I

i,
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TABLE XIX. ATOM-ATOM MORSE PARAMETERS IN NITROGEN ADSORPTION
ON FINITE Cr CLUSTERSa

Morse Morse Parameter
Atom in Parameter

Defectsb Cluster SetC DBS(kcal/mol) aBS(ao ) R BS(a) I

none 30 (1) 8.68 0.539 6.73

(2) 10.26 0.453 6.30

step 26 (1) 8.72 0.538 6.70-

(2) 10.31 0.451 6.26

kink 23 (1) 8.72 0.536 6.68

(2) 10.39 0.451 6.239

a The Morse parameters were calculated so that the adsorption
energies and vibrational frequencies in Table XII were

reproduced for a finite cluster.
b The defects are discussed in Section III.A.

c The parameters sets correspond to those used -in Table VI.
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TABLE XXII. RESULTS OF TRAJECTORY CALCULATIONS FOR NITROGEN ATOM
RECOMBINATION ON Fe SURFACES FOR NON-NORMAL INCIDENCE
OF THE GAS ATOMa

Defect ET 0 APR AEs AES/AER

(kcal/mol) (kcal/mol)

none 9.24 300 1800 .63 46 .31

9.24 300 1500 .85 57 .39

step 4.62 300 1800 .89 45 .29

kink 4.62 300 1800 .92 51 .32 1
a All trajectories are for Morse parameter set (1) and a

surface temperature of 1500K.

I
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Volume 62, numbor 1 CIIINIICAL NlIYSICS LITT'ERS1 15 marcli 11):

MODEL POTENTIAL FOR THE INTERACTION OF MOLECULES WITH AMORPHOUS SURFACES

George D. PURVIS III and George WOLK1EN Jr.
Battelle, C'oai~nbus Ibaboratories, C'olunttbus, Ohio 43201, USA

R~cecived 30 October 1978

Previous miodels for gas-surfuce interactions have utilized either puilrwlse forces or silentra poten~tials fornlutu(ý,i
in tcrtns or perfect two-di mensinlot su.faces. liere, we conibine thle pairwise miodel with e.\istlng senii-eotpirical niode%,A
retaining tiw realistic chemincal rorces of the scminl-eniplricul inodel, bot huving direct applicability to surfaces with non.
periodic structurcs.

1. Introduction or displacement from equilibrium lattice positions),
In this note, we point out that the LEPS potential can

In a previous paper [I] we presented a tnodel po- be re-forinuiated in such a way that himperfect crystjiý
tential that has the appropriate characteristics for de- can be modelled keeping the same realism, flexibility,
scribing the reactions of diatomic molecules with solid and tractability that has been so useful in these recent
su 'rfaces, one of the primary objectives of this line of studies. There is considerable evidence that many cati

research has been to model in a realistic way the dyn. lystic reactions proceed onl steps (6] and amorphous
amics of chemical rcactions occuering on and with solid metals have many interesting surface chemical proper.
surfaces. For this end, a model potential must have ties [7]. Therefore, It is important to add ways to

three properties: (I) It must be realistic, reproducing study such systemis to our arsenal of comuputational
thle experimental binding energies, activation barriers, procedures.

capable of modelling a variety of different potentials function to allow thle treatment of non-rigid surfaces~
bythle same overall procedure; and (3) it mnust be trac- with arbitrary geomletries. This could include genuinlui.,

table, such that forces experienced by each atomi can amorphous ma1Lterials, polycrystalline Samples wIthl stel'
berapidly computed and classical trajectory studies can kinks, etc. Thle alteration Is straightforward. Previous1%

be cr'oiiid.Th Lndo-Lrig-Polanyl-Sato [2] tile intcruction of one gas atom with the solid

(LEPS) [2] seemed to meet these three criteria and surface was assumed to be a Morse function in theI
has been used as Ihe starting point for a variety of direction perpetidicular to the surface. The Morse
studies of heterogeneous reaction dynamics [3]1. -paramecters were allowed to be periodic functions of
While the original LEPS model treated thle solid surface the X and Y distances over the surface. Thle values of

t'as rigid [2], it was soon genieraliz.ed to pcrmit oscilla- the parame ters were fixed to those values which gave
tiotus of thle surface atomis [41, generalized Langevin agreement with known experimental or theoretical
oscillators [5], and reactions with thle solid itself [1]. values for binding energies of thle fragment to tile sur-
However, the muodel potential as imtplemnented thus face. We call this potential QjperiodlcA understanding
fitr has only bcen used for surfaces with perfect two- that It describcs the interaction of a shinle aitomi (A.)
dimensional symmeitry (apart fronit local oscillations with a solid s.uu face, periodic in X, Y. *The finai LU'IS

model was given as a functional of iouAanth

*This researti %vas sponsuored iby the U.S. Army Research potential dcscribing tice interactio~n of the two gas
Office under Contract Number l)AAU29-77-0047. atoI's VAB. Thlerefore, tile LU'S formulation for the

42
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prvudic surface is 1i DAi
1'pe1iodlic F(Qperiudic,A Qperiodic,1b VA,B) . (1) 4(1 + AAS) It"A

Correction tcrins have been added unto this basic mod- X ((3 +AAS)CXp --2 tAi(rAi - RAI)!
el potential to allow for motion of the surface atoms,
erosion, etc., but they are not essendal to our present - (2 + 6 AAS) Cxp [-QAI(rAI - RAM) , (8)
discussion. I

The present modification replaces Qpcriodic with a A 4(1 + D DAi
sum of pairwise forces between the gas atoms and eaciL AS)Iea
surface atom, but retains the Iunctional dependen-,e
ii eq, (1). That is, ifS denotes the set of atoms in the
solid, the usual pairwise model for atom-surface inter. - (6+ 2 LAS)CXP [-aAf(rAI -RAt)]) (9)
actions is simply

and DpQ, 4pQ, and RpQ are the dissociation energy,
QI irwij,A qA , (2) Morse parameter and equilibrium distance for the two-!�' ieS body Interaction between P and Q. U13S and A BS are

where qjA is the two-body force between solid atom i derived from eqs. (8) tdnd (9) by substituting B
and gas atom A. A fully pairwise description of the for A, ApQ is the Sato parameter used to generate a
interaction between diatomic mole'ule AB and the variety of surfaces. Only a change in the expressions
solid is then for the two-body atom-surface Coulomb and exchange
' aw AQprwlB+ B . Integrals has been tiquired. The use of the pairwise
P pwadditive atom--solid potential as a single two-body

As discussed elsewhere (IJ, this is rot expected to be potential is consistent with the requirement (imposed
satisfactory for many cases of interest. However, the during the derivation of the modified LEPS potential)
modification proposed here is simply to use [21 that the surface acts as an extended source of one
4i eq. (1) in place of Qpcrtodti giving and two electrons, as required, for bonding the incident
a pQ lB( fragments.

{Vaioiphousw FýQpat.wiscA ; Qpairwisc,B VAO In fig. I we compare the periodic potential from ref,
Thus the entire LEPS formulation given previously [I 1 (fig. 3b) for 1'1 interacting with the (00 face of
follows through changing simply the form of the under, iron with VU11orphous obtained from conside Ing the
lying component interactions, The form of the potential interaction with a cluster of 33 Fe atoms (fig. 2). The
for diatomic AB on surface S is poirwise forces qIA in eq. (2) have the form of Morse

SVLE PS - UA B + UA$ + UB$ (ital

wher [AAB(.4As+A~ls)1"
2 , qIA - Do exp 1-01ro) (riA - ro)]

X (exp I-- (inro) (r1A - ro)] - 2), (10)

DAB where'D 0 = 4.6 keal, r0 = 3.1 1 A, mn 2.96. We sev inUA --( A ((3 , AAO)exp 1- 2 AR(rA - RA1)1 fig, I that the putentils have some differences quantita-tively, but have the same qualitative s.tructure. That is,

- (2+ 6AAB) exp 1--nAB(rAB - RBAI)} , (6) there is an activation barrier to adsorption approximately

DAB in agreement with experiment 11,8] and no molecular
"4AAB 4(1 +- AA) ((I + 3 AAI) CXP [- 2nAl1(rAB -RA B)] adsorption is present. For large H-li separations, when

both atoms lie on the surface, there are some cTects
- (6+ 2 AAI3) exp I-CA1(rA13 - RA 1)]) (7) from the finite size of the cluster and ilie neglect of

continuunin contributions 19]. Also, the H2.-Fe inter.
action more rapidly decreases for the luster than for
the infinite sIuface as '12 recedes from the surface.

4t43
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6100-

450o

2.2 /4. 2 -.

-42

I - -Fig. 2. Thirty-three atom cluster representing the (001) face U:
0 Lice re. An adsorbed atom at sites 1, 2, and 5 would be coor.

2 3 4 5 6 7 a 9 10 dinated to Oon, two, or five iron atoms. respectively. The posi.
Z," za (O.U.) tive Z axis is directed away from the surface anid the origins of

coordinates Is at the lattice site beneath a singly coordinated
6.00 ~------ -(ICN) site, a v5,42au.

\\ (b)

The parameters used in eq. (10) are precisely those
*m.0 used by Olander in his model of H-Fe(00l) [91.I,.,.- Vpalrwis is shown In fig. 3, produced from eq. (3)

~75-20using these potentials. As discussed in ref. (I1], niolec-

3 -25 ular adsorption Is not observed for H~2+Fe0lad
&,30 is a distinct inadequacy of the pairwise model.

-35

Fig.~~ .. .qmueta .otmr (i .V f. th aprocho252

Fig. (b) VEmorphousnia fotrom (i. eV). for th prahof123

ltowate, ath prensurae.t Thter - bn is noale wty to dcttir- from5

faexpeiment midpini t I c~penterae, sove w ie, aorgorixente 2.25u
sinte direction of ajoiin ramNe sitos prducec In fully adj).c Th.3 ismitim ecae rotVarieuim~* 3.Tm
sathr fae.d ttoe tmmhieon siars timeer tons isopto fig I.i ;

44 mot1,tybudadobdaos a "oidc" q
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In conclusion, the substitution of a pairwise addi. 121 J.I1. MuCrecry and G. Wolkun Jr., J. Chem. Phys. 63liv 'e i'ratillent- surface inter action po tential fo r t ihe (1975) 2340 ,.•,

1,qocusly-used periodic potential seems to yield a 131 A.R. Gregory, A. Gelb and R. Silby, Surface Sci, 74(1978) 497; 
•

u•el'il potential function for the study of gas- (98, Purvis, M4J9 Redinon and G. \Voiken Jr.. J, Phys.
aJun)tphous surface interactions. It retains most of the Chem., submitted for publication.
tljihiility of the priovious model while providing cor- (41 M.it. McCreery and G. Wolken Jr., J. Chem. Phys. 67
fcct functional forms for several now cases of interest (1977) 2551.
including amorphous solid structurce, energy transfer 151 A.C. Diebold and G. Wolken Ji., Surface Sci. 82 (1979)

245.
to the surface, and erosion. [6) D. Brennan, Progr, Surface Set, 2 (1964) 57.

(71 F. Chaudhari and D. Turnbull, Science 199 (1979) 11.[8) R.A. Oriani, Bet. Bunssenges. Physik. Chem. 76 (I1972)
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